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Abstract 


A  theoretical  approach  is  used  to  determine  important  attributes  for  moisture  protection  of 
polymer-matrix  composite  structures  provided  by  polymeric  coatings.  Developed  solutions  are 
used  to  evaluate  a  range  of  coating  materials  and  thicknesses  for  thin  and  thick  substrates.  The 
diffusion  constants  and  the  saturation  levels  for  the  coating  material  were  obtained  from  the  range 
of  available  coating  materials.  The  results  include  typical  diffusion  patterns  for  coating  materials, 
saturation  of  the  coating  layer,  development  of  moisture  through  time,  and  effects  of  the  material 
properties  for  the  various  substrate  thicknesses.  Moisture  diffusion  behavior  at  the 
substrate-coating  interface  is  also  presented.  For  relatively  thick  coating  layers,  the  results  show 
that  the  diffusion  constant  and  the  saturation  level  of  the  coating  must  both  be  low  to  significantly 
affect  the  diffusion  process.  The  study  also  shows  differences  in  the  behavior  of  the 
substrate-coating  interface. 
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1.  Introduction 


While  most  polymers  are  considered  “water  proof,”  that  is  only  partially  true  in  the 
context  of  liquid  water  flowing  through  the  material.  However,  it  is  widely  recognized  that 
individual  water  molecules  or  clusters  can  be  readily  absorbed  into  polymers  via  diffusion 
mechanisms.  There  have  been  many  studies  and  theories  that  relate  to  polymer  structure  and 
moisture  diffusion  behavior.  These  works  have  sought  to  understand  the  diffusion  process  from 
a  fundamental  level  and  have  provided  insight  into  the  mechanisms  for  moisture  diffusion. 
These  works  have  also  guided  appropriate  simplifications  of  the  diffusion  processes  in  polymers 
to  enable  readily  usable  models  to  predict  moisture  transport.  This  understanding  and  predictive 
capability  for  moisture  diffusion  in  and  through  polymers  is  important  in  a  number  of  materials 
applications  including  polymer-matrix  composites. 

It  is  understood  that  combinations  of  temperature  and  high  humidity  cause  problems  with 
the  performance  of  plastics  and  fiber-reinforced  plastics  (Pipes,  Vinson  and  Chou  1976,  Shen 
and  Springer  1976).  Moisture  absorption  is  a  significant  design  consideration  for  polymer- 
matrix  composites.  In  composites,  water  causes  weight  gain,  hygrothermal  expansion,  and 
degradation  of  material  properties  (Pipes,  Vinson,  and  Chou  1976;  VanLandingham,  Eduljee, 
and  Gillespie  1995).  As  moisture  diffuses  into  the  polymer,  it  disrupts  the  local  polymer 
structure  and  impacts  the  physical  and  mechanical  properties  of  the  material.  Low  levels  of 
water  in  the  polymer  can  also  cause  a  reduction  in  the  glass  transition  temperature  (Tg)  and  the 
elastic  modulus  of  the  matrix  (McCrum,  Buckley,  and  Bucknall  1988).  Semi-empirical  models 
have  related  the  reduction  of  Tg  to  the  moisture  content  of  the  polymer.  The  reduction  in  Tg  is 
material  dependent  but  can  be  a  serious  consideration  in  the  design  of  composite  structure. 
Hence,  the  properties  at  the  “wet  Tg”  are  often  used  to  determine  upper-use  temperatures  for  a 
given  polymer  in  specific  applications  and  design  allowables  are  frequently  derived  from 
mechanical  characterization  of  materials  that  are  fully  saturated  with  moisture.  Higher  levels  of 
moisture  can  cause  cracks  and  delaminations  to  form  in  the  composite  and  further  degrade  the 
performance  of  the  composite  structure. 

Moisture  absorption  in  complex  composite  parts  is  controlled  by  material  properties, 
geometry,  and  processing.  Material  properties  and  processing  affect  both  the  moisture  diffusion 
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rate  and  the  amount  of  moisture  that  can  be  absorbed  in  the  structure.  The  geometry  influences 
the  distribution  through  the  surface  area  to  volume  ratio  of  different  parts  of  the  structure  where  a 
high  surface  area  to  volume  will  allow  saturation  to  occur  at  a  faster  rate.  Defects  such  as  voids, 
microcracks,  and  pinholes  affect  the  rate  by  providing  a  transportation  mechanism  into  the  part. 
These  defects  are  also  sites  for  water  clusters  to  nucleate  and  hold  water  in  the  associated  liquid 
state.  These  factors  must  be  considered  if  a  predictive  capability  is  to  be  established  for 
quantifying  the  moisture  content  in  composite  structures. 

The  theory  presented  in  this  paper  consists  of  a  method  for  analyzing  moisture  diffusion 
in  multidomain  structures  particularly  applicable  to  composites  that  have  been  covered  with 
organic  coatings.  While  diffusion  in  polymers  and  polymeric  coatings  can  be  defect  driven,  this 
paper  takes  a  theoretical  approach  to  characterize  the  effectiveness  of  ideal  (no  cracks  or 
pinholes)  coatings  on  composites.  This  allows  the  basic  material  properties  of  the  coating  and 
substrates,  as  well  as  the  coating  thickness,  to  be  evaluated  analytically  to  focus  experimental 
work  on  the  actual  materials  and  processes.  The  theoretical  work  can  then  be  used  to  extend 
predictions  to  complicated  structures  and  realistic  long-term  environments. 

2.  Kinetics  of  Fickian  Moisture  Diffusion 

In  general,  polymers  can  absorb  moisture  from  their  environment  due  to  the  nature  of 
their  structure.  The  degree  and  rate  at  which  polymers  can  absorb  moisture  is  very  dependent  on 
both  the  chemical  and  physical  structure  of  the  polymer  of  interest.  Certain  polymers  are  more 
hygroscopic  than  others  and  naturally  absorb  more  moisture.  Moisture  transport  in  polymeric 
materials  is  related  to  the  solubility  of  water  (in  the  vapor  phase)  in  the  polymer  and  the  moisture 
diffusion  rate  at  a  given  temperature.  The  equilibrium  of  moisture  absorption  in  polymers  can  be 
related  to  the  relative  humidity  of  the  environment  thermodynamically  through  Henry’s  law 
(Springer  1988;  Marsh  et  al.  1988).  The  rate  of  diffusion  is  often  described  by  Fick’s  second  law 
and  is  strongly  temperature  dependent.  However,  in  certain  cases,  non-Fickian  diffusion  is 
observed  and  more  complicated  analysis  must  be  used  to  describe  this  behavior.  For  this  work, 
attention  is  focused  on  Fickian  diffusion  mechanisms  and  state  conditions  where  this  assumption 
may  be  assumed. 

It  is  convenient  to  begin  moisture  diffusion  analysis,  assuming  Fickian  diffusion  for  the 
moisture  uptake  for  a  single  homogenous  material.  Also,  if  the  sample  thickness  is  much  less 
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than  the  length  and  width,  the  diffusion  can  be  considered  to  be  one-dimensional.  In  this  case, 
Fick’s  second  law  is  expressed  as 


(1) 


For  the  case  of  an  initially  dry  coating  of  thickness  2  /,  and  a  simple  constant 
concentration  boundary  conditions  at  +/  and  there  is  a  well-known  solution.  This  familiar 
series  solution  is  obtained  as 

C(z,t)  ,  (-1)" 

— : - — -  =  1 - >  — — - — exp 

Cm  o  (2«  + 1) 

In  this  equation,  C  represents  the  concentration  at  a  given  z  and  t,  C„  is  the  equilibrium 
concentration,  and  D  is  the  diffusion  constant  for  water  in  the  coating.  The  assumptions  implicit 
in  this  solution  are  that  (1)  the  coating  is  uniform  in  properties  and  composition  and  initially  free 
from  moisture,  (2)  the  equilibrium  moisture  concentration  at  ±1  is  achieved  instantaneously,  and 
(3)  the  temperature  of  the  system  remains  constant. 

If  equation  (2)  is  integrated  over  z,  the  total  uptake  at  any  time  can  be  obtained.  Here,  it 
is  common  to  normalize  the  uptake  with  its  ultimate  value  (Comyn  1992).  The  fractional  uptake 
is  expressed  by 

~(2»  +  l  )VDr] 
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Often,  equation  (3)  is  approximated  by  neglecting  the  higher  order  terms  in  the  infinite 
series.  Ignoring  these  terms,  equation  (3)  simplifies  substantially  and  the  familiar  square  root 
relationship  between  mass  uptake  vs  time  is  revealed  as 


M  _  2  fZfrT2 
Mm~  l  In  . 


(4) 


This  equation  has  been  widely  used  to  determine  diffusion  coefficients  of  permeants  in 
polymers.  Several  excellent  studies  on  moisture  uptake  of  polymers  and  composites  have  been 
published  previously  (Comyn  1992;  Fieldson  and  Barbar  1993)  that  have  revealed  the  usefulness 
of  these  techniques.  In  general,  the  linear  behavior  exists  up  to  fractional  uptakes  of  0.6.  Thus, 
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by  monitoring  the  mass  of  samples  exposed  to  moisture,  the  diffusion  coefficient  of  water  can  be 
readily  obtained.  The  effect  of  temperature  on  the  rate  of  moisture  diffusion  can  also  be 
evaluated  by  conditioning  samples  and  monitoring  weight  gain  at  different  temperatures. 
Generally,  an  Arhenius  relationship  will  describe  the  temperature  dependence  of  moisture 
diffusivity  in  polymer  and  polymer-composite  samples. 

The  Fickian  model  is  generally  accepted  as  a  reasonable  approximation  for  diffusion  of 
moisture  in  graphite  epoxy  exposed  to  humid  air  (Springer  1988).  However,  significant 
deviations  from  Fick’s  law  can  occur  at  high  temperatures,  when  materials  are  immersed  in 
liquids  or  when  diffusion  occurs  through  cracks  or  voids  in  the  material  (Springer  1988;  Cai  and 
Weitsman  1994).  Immersion  of  the  composite  in  liquids  reduces  the  activation  energy  of 
diffusion,  causing  moisture  to  be  absorbed  at  a  higher  rate  than  predicted  by  equation  (1)  (Woo 
and  Piggott  1987)..  Cracks  and  voids  facilitate  moisture  diffusion  by  increasing  exposed  surface 
area  and  acting  as  easy  paths  for  moisture  transport.  Few  studies  have  quantified  the  effects  of 
voids  and  other  high-permeability  pathways  on  the  amount  and  rate  of  moisture  absorption.  One 
study  (Harper,  Staab,  and  Chen  1987)  has  indicated  that  an  increase  of  void-volume  fraction 
from  1%  to  5%  in  a  graphite-epoxy  laminate  increased  the  moisture  diffusion  rate  and  saturation 
moisture  content  significantly  for  a  range  of  humidity  levels.  Furthermore,  as  expected,  the 
deviation  from  Fickian  behavior  was  very  large  for  the  5%  void-volume  fraction  laminate. 

3.  Relative  Humidity  and  Moisture  Saturation 

Polymer-matrix  composites  eventually  reach  maximum  moisture  content  for  a  given 
surrounding  humidity  level.  The  relation  between  the  maximum  moisture  content  and  the 
external  humidity  level  is  given  by 

Mm=a(R.Hy,  (5) 

where  Mm  is  the  maximum  moisture  content,  a  and  p  are  material  constants,  and  R.H.  is  the 
surrounding  relative  humidity  level  (Tsai  1988).  For  most  composite  materials,  the  constant  p 
has  a  value  close  to  1.0.  Experimental  values  of  the  maximum  moisture  content  for  several 
graphite  fiber-reinforced  composites  are  shown  in  Table  1.  The  uptake  values  can  vary  widely, 
even  for  apparently  similar  material  systems.  For  epoxy  resins  used  as  matrix  materials,  the 
equilibrium  uptake  is  strongly  dependent  on  the  curing  agent  that  is  selected  for  that  system.  It 
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has  been  shown  that  polar  curatives,  such  as  diaminodiphenylsulfone  (DDS),  tend  to  cause 
higher  saturation  levels  than  similar  curing  agents  with  hydrophobic  side  groups  (Springer  1988). 
The  data  on  the  IM7/K3B  graphite  fiber-reinforced  polyimide  was  included  to  show  the 
sensitivity  of  the  matrix  saturation  level  to  the  surrounding  relative  humidity.  The  saturation 
level  of  the  IM7/K3B  increases  about  13%  when  the  relative  humidity  is  increased  from  97%  to 
100%.  VanLandingham,  Eduljee,  and  Gallespie  (1995)  have  also  noted  that  the  saturation  level 
of  the  composites  increases  with  repeated  exposure  to  moisture.  If  the  composites  are  saturated 
with  moisture,  then  dried  out  and  resaturated,  they  will  have  an  increased  maximum  moisture 
content. 


Table  1.  Moisture  Saturation  Levels  for  Selected  Graphite  Fiber-Reinforced  Composites 


Material  System 

Exposure 
{%  R.H.) 

Reference 

T3 00/1 034 

Immersed  in  Water 

1.70 

Tsai  1988 

AS4/3501-5 

Immersed  in  Water 

1.90 

Tsai  1988 

T300/5208 

Immersed  in  Water 

1.50 

Tsai  1988 

T650-35/F584 

98 

0.62 

Smith  et  al.  1993 

AS4/8553-45 

98 

0.84 

Smith  et  al.  1993 

T650-35/1 914-4 

98 

0.63 

Smith  et  al.  1993 

T650-35/1 914-6 

98 

0.66 

Smith  et  al.  1993 

IM7/K3B 

89 

0.43 

VanLandingham,  Eduljee, 
and  Gallespie  (1995) 

IM7/K3B 

97 

0.45 

VanLandingham,  Eduljee, 
and  Gallespie  (1995) 

IM7/K3B 

100 

0.51 

VanLandingham,  Eduljee, 
and  Gallespie  (1995) 

4.  Methodology 


This  study  investigates  theoretical  diffusion  performance  of  coated  substrates.  It  is 
intended  to  help  focus  experimental  work  and  provide  estimates  of  the  “best  case”  moisture 
protection  that  can  be  afforded  by  coatings.  As  was  mentioned  before,  many  practical  issues, 
such  as  quality  of  the  coating,  cracks,  processing  and  application,  and  defects  in  the  coating  and 
substrate,  are  not  addressed  here.  Figure  1  shows  the  schematic  of  the  problem.  The  problem  is 
divided  into  two  regions:  the  substrate  and  the  coating.  The  substrate  is  the  material  that  is  being 
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protected  from  moisture  intrusion.  The  purpose  of  this  paper  is  to  investigate  some  of  the 
geometric  parameters  and  material  properties  that  govern  moisture  diffusion. 


*  t 


Figure  1.  Schematic  of  Problem  Description. 


Figure  1  also  defines  the  interface  and  boundary  conditions  used  for  solution.  The 
solution  is  divided  into  two  domains  each  with  its  own  local  coordinate  system.  The  first  domain 
extends  from  x0  =  0  to  x0  =  Ls  and  the  second  domain  extends  from  x,  =  0  at  the  interface  to 
x,  =  Lc  at  the  outside  boundary.  It  is  assumed  that  both  domains  start  without  any  moisture.  The 
problem  is  set  up  to  investigate  symmetric  one-dimensional  loading  of  the  structure.  The  use  of 
symmetry  implies  that  the  midplane  boundary  condition  is  represented  by  zero  flux.  At  the  right 
side  of  the  domain,  equation  (5)  is  used  where  the  “a”  is  assumed  to  be  the  saturation  level  of 
the  coating  material  and  “p”  is  assumed  to  be  1  (Tsai  1988).  At  the  interface  a  similar  condition 
exists  (Carslaw  and  Jaeger,  1959)  two  conditions  must  be  met.  First,  the  driving  potential  of  the 
two  materials  must  be  the  same: 

— —  =  — — ,  or  ku  =  w,  where  k  =  -^L.  (6) 

Sat,  Satc  Sats 
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The  second  condition  is  that  the  flux  at  the  interface  must  be  continuous: 


There  are  two  important  ratios  that  are  present  in  this  problem.  The  first,  the  ratio  of  the 
saturation  levels,  is  described  in  equation  (6),  and  the  second  is  the  ratio  of  the  diffusion  rates  of 
the  coating  material  and  the  substrate: 


The  range  of  values  used  for  a  and  k  in  this  study  were  obtained  from  reviewing  the 
moisture  literature  and  data  from  coating  manufacturer.  The  range  of  diffusion  rates  for  coating 
materials  was  from  an  order  of  magnitude  below  the  diffusion  rate  for  the  substrate  (T650/1914, 
6.6  *10“6  in2/hr)  (Bogetti  et  al.  1997)  to  an  order  of  magnitude  above.  The  range  for  the 
saturation  level  of  the  coating  materials  was  from  0.25  times  to  8  times  the  saturation  level  for 
the  substrate  (T650/1914’s  saturation  level  is  0.63  %).  This  does  not  imply  that  there  is  a  coating 
that  represents  every  combination  of  a  and  k  used  in  the  study.  The  aim  of  the  study  is  to  find 
the  key  material  attributes,  not  to  look  at  particular  systems.  The  next  step  in  this  work  is  to 
characterize  available  coating  systems  for  appropriate  use  in  applications. 

The  system  is  solved  using  both  exact  and  numerical  solutions,  although  the  results 
contained  in  this  paper  are  from  the  numerical  work.  The  solution  was  obtained  in  the  following 
manner. 


Finite  difference  methods  (FDMs)  change  the  differential  operators  to  algebraic 
operators.  The  algebraic  operators  are  applied  over  a  discretized  approximation  of  the  original 
domain. 


The  operators  used  are  implicit  Crank-Nickolson  algebraic  operators.  Defining  the 
following  for  convenience  (Greenberg,  1978): 


a*  At 
2  Ax2  ’ 


(9) 


and 
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(10) 


is 


where  i  =  c  or  s  for  the  coating  or  substrate  layer,  respectively.  The  governing  equation 


rk  UMJ+ 1  -  (2rk  -  1K,-+1  +rkui.lj+ , 


~rk  uM,j  +(2 r*  -  %.,• • 


(11) 


The  subscript  k  —  s  for  i  e  [1,  ns  -  2]  and  k  =  c  for  j  e  [ns  + 1,  DOF  -  2],  where  hs  is  the 
number  of  nodes  in  the  substrate  and  DOF  is  the  number  of  degrees  of  freedom  in  the  system. 
Note,  for  convenience,  the  primary  dependant  variable  in  the  coating  layer,  w,  has  been  renamed 
as  u  with  subscripts  from  ns  +  1  to  DOF  - 1 .  Four  additional  equations  are  needed  to  complete 
the  system.  These  equations  are  the  boundary  conditions  and  the  interface  conditions.  The 
boundary  conditions  are  defined  in  the  next  two  equations: 

Ml,y+1  ~  M1 J  ~  UQJ+l  +  U0 J  =  0  (12) 

and 

(13) 

The  interface  conditions  are  given  in  the  next  two  equations: 


kum  j+ ,  -mw+u+1  =  ku^j  -u^+u 


(14) 


and 


n(u, 


ns.j+ 1  ^ns-\J+\ 


ns+\,j+\  ^ ns+2.j+\ 


)  =  -rs(Uns.j-Uns-lj)-f‘c{U 


its+l.j  Uns+2 


A 


(15) 


This  leaves  a  fully  defined  system  of  the  following  form, 

Aunew  =  BwoW  +c,  (16) 

which  is  easily  solved  and  iterated  for  the  appropriate  time: 

unew  =  A~IBwoW  +  A"‘C.  (17) 
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5.  Typical  Results 


Figure  2  and  Figure  3  show  typical  results  for  coated  substrates. 


Location  (in) 


Figure  2.  Diffusion  Results  for  a  Coated  Substrate,  k  =  2,  a  =  1,  Ls  -  0.5  in,  and 
Lc  =  0.01  in. 
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Figure  3.  Short  Time  Behavior  of  the  Coating  Layer. 


As  seen  in  Figure  2,  there  are  several  important  features.  First,  at  the  interface  between 
the  coating  and  substrate,  there  is  a  discontinuity.  The  discontinuity  is  a  function  of  the 
difference  in  the  saturation  levels  of  the  coating  and  substrate.  Although,  it  is  difficult  to  see  in 
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the  figure,  the  flux  at  the  interface  is  also  matched.  The  development  of  the  solution  in  the 
substrate  is  very  similar  to  the  solution  in  a  noncoated  layer. 

Figure  3  shows  that  at  30  hr,  the  coating  layer  appears  to  have  assumed  a  quasi-static 
solution  and  is  almost  fully  saturated.  This  implies  that  any  additional  moisture  entering  the 
coating  layer  is  being  transferred  to  the  substrate.  It  also  implies  that  the  material  properties  of 
the  coating  layer  should  dominate  the  diffusion  process.  It  is  seen  in  later  figures  that  this  is  not 
always  the  case. 

6.  Effects  of  Coating 

The  next  series  of  figures  investigates  the  effect  of  the  coating  thickness  and  relative 
materials  properties  for  a  thin  (Ls  =  0.1  in)  and  thick  ( Ls  =  0.5  in)  substrates.  In  order  to  look  at 
moisture  penetration  into  the  substrates,  the  normalized  moisture  level  at  the  midplane  of  the 
substrate  was  used  as  a  measure.  The  moisture  level  was  normalized  by  dividing  by  the 
saturation  level  of  substrate  and  is  referred  to  as  the  diffusion  potential.  As  a  comparison,  the 
equivalent  substrate  without  a  coating  is  shown  to  gauge  relative  diffusion  performance.  The 
substrate  with  <3=1  and  k  =  1  implies  that  the  coating  layer  has  the  same  diffusion  rate  and 
saturation  level  as  the  substrate.  For  each  of  the  analysis,  material  properties  were  chosen  for  the 
substrate,  then  the  coating  material  properties  were  varied  relative  to  the  substrates. 

Three  types  of  figures  are  needed  in  order  to  assess  the  diffusion  performance  of  a 
coating,  time  histories,  substrate-coating  interface  plots,  and  diffusion  potential  vs  the  material 
property  ratios’  a  and  k.  The  time  histories  show  deviation  during  the  diffusion  process  and 
ensure  that  relative  comparisons  are  accomplished  at  appropriate  times.  The  substrate-coating 
interface  plots  provide  insight  into  how  the  coating  works,  and  the  diffusion  potential  vs  material 
property  ratios  help  isolate  effective  ranges  for  the  material  attributes.  On  each  of  the  graphs,  the 
diffusion  performance  for  several  combinations  of  the  ratios  a  and  k  are  given  to  gauge  the 
relative  diffusion  performance. 

Figure  4  shows  the  general  effects  of  coatings.  Since  each  line  in  the  figure  represents  a 
different  type  of  coating,  the  separations  between  the  lines  imply  the  particular  coatings  effect. 


10 


Each  of  the  lines  should  be  gauged  against  the  case  where  a  and  k  are  equal  to  1,  which 
represents  the  effect  of  just  thickening  the  substrate  without  adding  a  coating. 


Time  (hr) 

Figure  4.  Effect  of  Coatings  shown  though  the  Diffusion  Potential  at  the  Midplane 
(Ls  =  0.1  in,  Lc  =  0.01  in). 

To  assess  the  effectiveness  of  a  coating,  the  assessment  should  be  made  at  a  time 
corresponding  to  the  separation  near  the  largest  deviation  seen  in  the  figure.  Figure  5  and  Figure 
6  show  the  diffusion  potential  performance  for  three  different  coating  thickness  on  a  relatively 
thin  substrate  (Ls  =  0.1  in). 


0  200  400  600  800 

Time  (hr) 

Figure  5.  Diffusion  Potential  at  the  Midplane  for  Ls  =  0.1  in  and  Lc  =  0.001  in. 
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Lc  =  0.002  in 


Lc  =  0.010  in 


Figure  6.  Diffusion  Potential  at  the  Midplane  for  Ls  -  0.1  in  and  Lc  =  0.002  in  and 
Lc  =  0.01  in,  respectively. 

Figure  5  shows  relative  short  time  (800  hr  ~  1  month)  performance  of  the  substrate.  The 
figure  shows  that,  at  800  hr,  the  diffusion  potential  is  around  0.66,  where  a  value  of  1  represents 
the  saturation  value.  It  is  very  interesting  to  see  that  the  wide  range  of  material  properties  does 
not  have  any  appreciable  effect  on  the  diffusion.  Figure  6  shows  the  same  results  for  a  coating 
thickness  that  is  twice  a  thick  (Lc  =  0.002  in)  and  ten  times  as  thick  (Lc  =  0.01  in).  In  this  figure, 
some  very  small  differences  can  be  seen  around  800  hr.  The  maximum  value  remains  near  0.66, 
and  it  is  important  to  note  that  the  coated  substrates  do  not  appreciably  perform  differently  than 
the  uncoated  substrates.  In  Figure  6,  with  Lc  =  0.01  in,  a  dramatic  difference  can  be  seen  in  the 
diffusion  performance  of  the  different  coatings.  Even  with  this  relatively  thick  coating,  five  of 
the  nine  combinations  of  a  and  k  do  not  cause  the  coated  substrate  to  behave  differently  from  the 
uncoated  substrate.  The  figure  shows,  that  if  the  material  properties  of  the  coating  are  chosen 
properly  and  the  coating  is  applied  thick  enough,  potentially  the  diffusion  can  be  cut  in  half.  It 
appears  from  these  figures  that  control  of  both  a  and  k  are  necessary  to  affect  diffusion.  This  is 
not  surprising  as  the  total  permeability  of  the  coating  can  be  expected  to  be  a  product  of  the 
diffusivity  and  solution  of  moisture  in  the  coating.  It  is  also  interesting  to  note  that  some  of  the 
time-history  lines  cross.  This  implies  that  the  diffusion  rate  and  saturation  level  have  different 
effects  for  short  and  long  time  periods. 
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Figure  7  shows  the  effects  of  the  same  coatings  on  a  thick  substrate.  The  Lc  =  0.001  in 
case  was  omitted  since  very  little  diffusion  difference  is  seen  in  the  thicker  coatings.  As  is  seen 
in  the  figures,  for  thick  substrates,  the  coatings  have  very  little  effect  on  the  moisture  diffusion. 
Only  in  the  case  where  the  coating  is  0.01  in  thick  is  there  any  difference  in  performance  and  the 
performance  difference  is  negligible. 
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Figure  7.  Diffusion  Potential  at  the  Midplane  for  Ls  =  0.5  in  and  Lc  =  0.002  in  and 
Lc  =  0.01  in,  Respectively. 


Figure  8  shows  the  time  history  of  moisture  at  the  interface  between  the  coating  and  the 
substrate.  The  figure  shows  that,  for  many  of  the  combinations  of  coatings,  the  interface  goes  to 
the  saturation  level  very  quickly.  Again,  many  of  the  lines  cross  each  other  showing  that  the 
saturation  level  and  the  diffusion  rate  operate  on  different  time  scales.  Finally,  the  figure  also 
shows  that,  in  order  to  affect  the  diffusion  rate  in  the  substrate,  the  interface  should  not  quickly 
drive  to  the  saturation  level  of  the  coating  materials.  When  the  saturation  level  is  reached,  the 
maximum  amount  of  moisture  is  diffusing  from  the  coating  into  the  substrate.  If  a  lower 
diffusion  potential  can  be  held,  allowing  a  smaller  amount  of  moisture  to  be  transferred.  This 
appears  to  be  an  effective  coating  attribute.  Later,  Figure  9  and  Figure  10  directly  address 
combinations  of  a  and  k,  which  offer  the  best  protection. 
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Ls  =  0.1  in,  Lc  =  0.01  in  Ls  =  0.5  in,  Lc  =  0.01  in 


Figure  8.  Diffusion  Potential  at  the  Interface  Between  the  Coating  and  Substrate. 

Looking  at  the  interface  performance  for  Lc  =  0.01  in,  again  there  appears  to  be  very  little 
difference  in  the  various  coatings.  In  each  case,  the  diffusion  potential  very  quickly  goes  to  the 
saturation  level  of  the  materials.  When  compared  to  the  thin  substrate  results,  one  of  the  main 
differences  is  that  the  a  and  k  combinations  offering  some  protection  did  not  saturate  quickly  and 
that  behavior  is  absence  here.  Again,  some  of  the  lines  cross  each  other,  which  implies  that  the 
time  scales  are  different  for  the  diffusion  rate  and  saturation  levels. 

It  should  also  be  noted  that  in  Figure  8,  some  of  the  lines  imply  that,  with  the  wrong 
combination  of  coating  material  properties,  moisture  can  be  absorbed  faster  in  the  substrate  than 
the  substrate  without  a  coating. 

Figure  9  and  Figure  10  investigate  the  relationships  between  a,  k,  and  the  midplane 
diffusion  potential  for  various  thicknesses  of  coatings  and  substrates.  These  figures,  with  the 
exception  of  Figure  9,  show  that  the  coating  material  properties  have  very  little  effect  on  the 
amount  of  moisture  uptake  in  the  substrate.  For  the  different  material  properties,  the  curves 
remain  flat  with  very  little  difference  for  the  midplane  diffusion  levels.  Only  when  the  diffusion 
rate  is  very  low  is  the  diffusion  behavior  changing.  Figure  9  shows  more  divergent  behavior. 
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Figure  1 1  shows  a  portion  of  Figure  9  for  small  values  of  a. 


Figure  11.  Effect  of  «  and  k  for  Ls  =  0.1  in  and  Lc  =  0.01  in  for  t  =  800  hr  for  Small  a. 

Figure  1 1  shows  significant  reduction  in  moisture  uptake  for  small  values  of  a.  This 
translates  into  a  diffusion  coefficient  for  the  coating  around  an  order  of  magnitude  smaller  than 
the  diffusion  coefficient  for  the  substrate.  It  is  also  clearly  shown  in  this  figure  that,  if  die 
saturation  value  for  the  coefficient  for  the  coating  is  relatively  much  higher  than  the  saturation 
value  for  the  substrate,  the  coating  will  facilitate  moisture  uptake  in  the  substrate.  This  is  seen 
when  comparing  the  curve  for  a  =  1  and  k  =  1  to  the  other  curves.  It  is  also  seen  that  this  effect 
can  be  counteracted  by  lowering  the  diffusion  coefficient. 

Figure  12  shows  interface  results  for  a  thick  coatings  (Lc  =  0.05  in)  on  a  very  thin 
substrate  (Ls  =  0.05  in)  and  a  thick  substrate  (Ls  =  0.5  in).  In  both  cases  with  the  right 
combinations  of  a  and  k,  the  coating  are  effective.  On  the  thin  substrate,  similar  values  to  earlier 
cases  for  a  and  k  are  again  effective.  For  the  thick  substrate,  now  that  the  coating  thickness  is 
approach  10%,  with  the  proper  values  for  a  and  k  the  coating  is  protecting  the  substrate. 
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Ls  =  0.05  in,  Lc  =  0.05  in 
t  =  800  hr 


Ls  =  0.5  in,  Lc  =  0.05  in 
t  =  10000  hr 
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k=1  k=2.6  - k=4.1  — — k=5.7  - k=7.2 


Figure  12.  Effect  of  a  and  k  for  a  Very  Thick  Coatings. 

7.  Conclusions 


Polymeric  coatings  can  be  used  to  reduce  the  moisture  absorption  in  polymer  and 
polymer-composite  structures.  The  analytical  approach  taken  in  this  paper  demonstrates  that  the 
thickness,  diffusion  constant,  and  saturation  level  of  the  coating  relative  to  those  of  the  substrate 
are  essential  to  the  coatings  effectiveness.  The  diffusion  rate  and  the  saturation  level  of  the 
coating  must  both  be  very  small  compared  to  the  substrate  for  the  coating  to  affect  the  long-term 
diffusion  behavior.  Even  when  the  material  constants  are  optimized,  the  coating  must  be 
relatively  thick  to  affect  a  substantial  reduction  of  moisture  absorption.  For  the  substrates 
studied  in  this  paper,  the  thickness  of  the  coating  needed  to  be  10%  of  the  thickness  of  the 
substrate  to  achieve  effective  protection.  Even  with  coatings  10%  of  the  substrate  thickness, 
many  values  of  a  and  k  are  not  effective  in  protecting  the  structure  from  moisture  ingress.  This 
is  partially  due  to  the  speed  that  the  coating  layer  achieves  a  quasi-semi-state  distribution.  The 
coatings  that  did  not  saturate  quickly  were  more  effective  at  protecting  moisture  diffusion.  This 
is  not  to  say  that  an  impermeable  coating  is  the  best  solution,  since  it  also  does  not  allow 
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moisture  to  exit  the  substrate  and  could  consequently  cumulate  moisture.  This  will  be 
investigated  in  future  studies  that  address  temperature  effects  and  fluctuating  environmental 
conditions.  It  is  also  interesting  to  note  that  the  saturation  level  of  the  coating  and  the  diffusion 
rate  of  the  coating  can  act  on  different  time  scales.  The  results  from  this  study  will  be  used  to 
target  the  important  attributes  to  allow  the  selection  of  appropriate  coatings.  Experimental 
evaluation  of  the  coating  and  the  manufacturing  process  are  necessary  to  ensure  that  the  chosen 
system  can  be  implemented  effectively  in  a  structure. 

8.  Future  Work 

Analytical  and  numerical  solutions  for  moisture  performance  of  coated  substrates  have 
been  developed.  These  solutions  are  being  used  to  develop  methods  for  approximating  coating 
for  large  complicated  models.  In  addition,  these  methods  are  being  compared  to  different 
coating  system  to  assess  the  theoretical  performance  against  coatings  that  are  not  “perfect”  and 
contain  voids,  cracks,  other  defects,  or  processing  differences.  The  theories  developed  will  be 
modified  to  allow  realistic  prediction  of  complicated  structures  protected  by  coatings  with 
defects. 
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07806-5000 

2  COMMANDER 

US  ARMY  ARDEC 
AMSTAAR  E  FENNELL 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
USARMYARDEC 
AMSTAARCCH 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  COMMANDER 
US  ARMY  ARDEC 
AMSTAAR 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
USARMYARDEC 
AMSTAAR  CCHP 
JLUTZ 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
USARMYARDEC 
AMSTAAR  FSFT 
CUVECCHIA 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 
USARMYARDEC 
AMSTAAR  QACT/C 
C PATEL 

PICATINNY  ARSENAL  NJ 
07806-5000 
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2  COMMANDER 
USARMYARDEC 
AMSTAARM 

D  DEMELLA 
FDIORIO 

PICATINNY  ARSENAL  NJ 
07806-5000 

3  COMMANDER 
USARMYARDEC 
AMSTAARFSA 
A  WARNASH 
BMACHAK 
MCHIEFA 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  COMMANDER 

SMCWV  QAE  Q  B  VANINA 
BLDG  44  WATERVLEET  ARSENAL 
WATERVUET  NY  12189-4050 

1  COMMANDER 

SMCWV  SPM  T  MCCLOSKEY 
BLDG  253  WATERVLEET  ARSENAL 
WATERVLEET  NY  12189-4050 

8  DIRECTOR 

BENET  LABORATORIES 

AMSTA  AR  CCB 

J  KEANE 

J  BATTAGLIA 

J  VASILAKIS 

GFFIAR 

V  MONTVORI 

GD ANDRE  A 

RHASENBEEN 

AMSTA  AR  CCB  R  S  SOPOK 

WATERVUET  NY  12189 

1  COMMANDER 

WATERVUET  ARSENAL 
SMCWV  QA  QS  K INSCO 
WATERVUET  NY  12189-4050 

1  COMMANDER 
USARMYARDEC 
AMSMCPBMK 
PICATINNY  ARSENAL  NJ 
07806-5000 


NO.  OF 

COPIES  ORGANIZATION 

1  COMMANDER 

US  ARMY  BELVOIR  RD&E  CTR 
STRBEJBC 

FT  BELVOIR  VA  22060-5606 

2  COMMANDER 
USARMYARDEC 
AMSTA  ARFSPG 
M  SCHKSNIS 

D  CARLUCCI 
PICATINNY  ARSENAL  NJ 
07806-5000 

1  US  ARMY  COLD  REGIONS  RSRCH  & 
ENGNRNG  LABORATORY 
PDUTTA 
72  LYME  RD 
HANOVER  NH  03755 

1  DIRECTOR 

US  ARMY  RESEARCH  LABORATORY 
AMSRL  WTLD  WOODBURY 
2800  POWDER  MILL  RD 
ADELPHI  MD  20783-1145 

3  COMMANDER 

US  ARMY  MISSILE  COMMAND 
AMSMI  RD  W  MCCORKLE 
AMSMI  RD  ST  P  DOYLE 
AMSMI  RD  ST  CN  T  VANDIVER 
REDSTONE  ARSENAL  AL  35898-5247 

2  US  ARMY  RESEARCH  OFFICE 
ACROWSON 

J  CHANDRA 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 

3  US  ARMY  RESEARCH  OFFICE 
ENGINEERING  SCIENCES  DTV 
R  SINGLETON 

G  ANDERSON 
KIYER 
PO  BOX  12211 

RESEARCH  TRIANGLE  PARK  NC 
27709-2211 
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5  PM 
TMAS 

SFAE  GSSC  TMA 

COL  PAWLICKI 

KKJMKER 

EKOPACZ 

RROESER 

BDORCY 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  PM 
TMAS 

SFAE  GSSC  TMA  SMD 
R  KOWALSKI 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  PEO  FIELD  ARTILLERY  SYSTEMS 
SFAE  FAS  PM 

H  GOLDMAN 
T  MCWILLIAMS 
PICATINNY  ARSENAL  NJ 
07806-5000 

2  PM  CRUSADER 
G  DELCOCO 
J  SHIELDS 

PICATINNY  ARSENAL  NJ 
07806-5000 

2  NASA  LANGLEY  RESEARCH  CTR 

MS  266 
AMSRLVS 
WELBER 
F  BARTLETT  JR 
HAMPTON  VA  23681-0001 

2  COMMANDER 
DARPA 
J KELLY 
B  WILCOX 
3701 N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 


6  COMMANDER 

WRIGHT  PATTERSON  AIR  FORCE 
BASE 

WLFTV  AMAYER 
WLMLBM 
S  DONALDSON 
T  BENSON-TOLLE 
C  BROWNING 
J  MCCOY 
F  ABRAHAMS 
2941  P  STREET  STE  1 
DAYTON  OH  45433 

1  NSWC 

dahlgrendiv 

CODEG06 

DAHLGREN  VA  22448 

1  NAVAL  RESEARCH  LABORATORY 

CODE  6383 
IWOLOCK 

WASHINGTON  DC  20375-5000 

1  OFFICE  OF  NAVAL  RESEARCH 

MECH  DIV  CODE  1 132SM 
YAPA  RAJAPAKSE 
ARLINGTON  VA  22217 

1  NSWC 

CRANE  DIV 
M  JOHNSON 
CODE  20H4 

LOUISVILLE  KY  40214-5245 

1  DAVID  TAYLOR  RESEARCH  CTR 
SHIP  STRUCTURES  &  PROTECTION 
DEPARTMENT 

J  CORRADO  CODE  1702 
BETHESDAMD  20084 

2  DAVID  TAYLOR  RESEARCH  CTR 
R  ROCKWELL 
WPHYTLLA1ER 
BETHESDAMD  20054-5000 

1  DEFENSE  SPECIAL  WEAPONS  AGENCY 

INNOVATIVE  CONCEPTS  DIV 
RROHR 

6801  TELEGRAPH  RD 
ALEXANDRIA  VA  22310-3398 
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COPIES 

1 


1 


1 


2 


4 


1 


1 


1 


4 


ORGANIZATION 

FSHOUP 

EXPEDITIONARY  WARFARE  DIV  N85 
2000  NAVY  PENTAGON 
WASHINGTON  DC  0350-2000 

OFFICE  OF  NAVAL  RESEARCH 
D  SIEGEL  351 
800  N  QUINCY  ST 
ARLINGTON  VA  22217-5660 

NSWC 

JH  FRANCIS 
CODE  G30 

DAHLGREN  VA  2448 
NSWC 

CODE  G32D  WILSON 
CODE  G32  R  D  COOPER 
DAHLGREN  VA  22448 

NSWC 

CODE  G33  JFRAYSSE 
CODE  G33  EROWE 
CODE  G33  T  DURAN 
CODE  G33  LD  SIMONE 
DAHLGREN  VA  22448 

CDR,  NAVAL  SEA  SYS  CMD 
DUESE 

2531  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22242-5160 

NSW 

ME  LACY  CODE  B02 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

NSW 

TECH  LIBRARY  CODE  323 
17320  DAHLGREN  RD 
DAHLGREN  VA  22448 

DIRECTOR 

LAWRENCE  LIVERMORE  NATL  LAB 

R  CHRISTENSEN 

S  DETERESA 

F  MAGNESS 

M  FINGER 

PO  BOX  808 

LIVERMORE  CA  94550 


NO.  OF 

COPIES  ORGANIZATION 

1  LOS  ALAMOS  NATL  LAB 
F  ADDESSIO 
MS  B216 
PO  BOX  1633 
LOS  ALAMOS  NM  87545 

1  LOS  ALAMOS  NATL  LAB 
J  REPPA  MS  F668 
PO  BOX  1663 
LOS  ALAMOS  NM  87545 

1  OAK  RIDGE  NATL  LAB 

RM  DAVIS 
PO  BOX  2008 

OAK  RIDGE  TN  37831-6195 

1  PENN  STATE  UNTV 

CBAKIS 

227  N  HAMMOND 
UNIVERSITY  PARK  PA  16802 

3  UDLP 

4800  EAST  RIVER  RD 
PJANKE  MS170 
TGIOVANETTI  MS236 
B  VAN  WYK  MS389 
MINNEAPOLIS  MN  55421-1498 

4  DIRECTOR 
SANDIA  NATL  LAB 
APPLIED  MECHANICS  DEPT 
DIV  8241 
WKAWAHARA 
KPERANO 

D  DAWSON 
PNIELAN 
PO  BOX  969 

LIVERMORE  CA  94550-0096 

1  DREXELUNIV 

AS  D  WANG 

3  2ND  AND  CHESTNUT  STREETS 
PHILADELPHIA  PA  19104 

1  BATTELLE 

CR  HARGREAVES 
505  KING  AVE 
COLUMBUS  OH  43201-2681 
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COPIES  ORGANIZATION 


1  PACIFIC  NORTHWEST  LAB 
M  SMITH 
PO  BOX  999 
RICHLAND  WA  99352 

1  LAWRENCE  LIVERMORE  NATL  LAB 

M  MURPHY 
PO  BOX  808  L  282 
LIVERMORE  CA  94550 

1  NORTH  CAROLINA  STATE  UNTV 
CIVIL  ENGINEERING  DEPT 
WRASDORF 
PO  BOX  7908 
RALEIGH  NC  27696-7908 

1  PENN  STATE  UNIV 
RMCNITT 

227  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16802 

1  PENN  STATE  UNIV 
RS  ENGEL 

245  HAMMOND  BLDG 
UNIVERSITY  PARK  PA  16801 

1  PURDUE  UNIV 

SCHOOL  OF  AERO  &  ASTRO 
CT  SUN 

W  LAFAYETTE  IN  47907-1282 

1  STANFORD  UNIV 

DEPT  OF  AERONAUTICS  AND 
AEROBALUSTICS  DURANT  BLDG 
S  TSAI 

STANFORD  CA  94305 

1  UCLA,  MANE  DEPT  ENGR IV 
HT  HAHN 

LOS  ANGELES  CA  90024-1597 

2  U  OF  DAYTON  RSRCH  INSTITUTE 
RYKIM 

AKROY 

300  COLLEGE  PARK  AVE 
DAYTON  OH  45469-0168 


1  UNIV  OF  DAYTON 
JM  WHITNEY 
COLLEGE  PARK  AVE 
DAYTON  OH  45469-0240 

2  UNIV  OF  DELAWARE 

CTR  FOR  COMPOSITE  MATERIALS 
J  GILLESPIE 
M  SANT ARE 

201  SPENCER  LABORATORY 
NEWARK  DE  19716 

1  UNIV  OF  ILLINOIS  AT  URBANA 

CHAMPAIGN  NATL  CTR  FOR  COMPOSITE 

MATERIALS  RESEARCH 

216  TALBOT  LABORATORY 

J  ECONOMY 

104  S  WRIGHT  STREET 

URBANA  IL  61801 

1  UNIV  OF  KENTUCKY 
LPENN 

763  ANDERSON  HALL 
LEXINGTON  KY  40506-0046 

1  UNTV  OF  UTAH 

DEPT  OF  MECH  &  INDUSTRIAL  ENGR 

5  SWANSON 

SALT  LAKE  CITY  UT  84112 

2  THE  UNIV  OF  TEXAS  AT  AUSTIN 
CENTER  FOR  ELECTROMECHANICS 
A  WALLS 

JKTTZMILLER 
10100  BURNET  RD 
AUSTIN  TX  78758-4497 

3  VA  POLYTECHNICAL  INSTITUTE 

6  STATE  UNIV 
DEPTOFESM 
MWHYER 

K  REIFSNIDER 
R  JONES 

BLACKSBURG  VA  24061-0219 

1  UNIV  OF  MARYLAND 

DEPT  OF  AEROSPACE  ENGINEERING 
A  J  VIZZTNI 

COLLEGE  PARK  MD  20742 


26 


NO.  OF 

COPIES  ORGANIZATION 


NO.  OF 
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1  AAI  CORPORATION 
T  G  STASTNY 
PO  BOX  126 

HUNT  VALLEY  MD  21030-0126 

1  J  HEBERT 
PO  BOX  1072 

HUNT  VALLEY  MD  21030-0126 

1  ARMTEC  DEFENSE  PRODUCTS 
S  DYER 

85  901  AVE  53 
PO  BOX  848 
COACHELLA  CA  92236 

2  ADVANCED  COMPOSITE  MATERIALS 
CORPORATION 

PHOOD 
J  RHODES 

1525  S  BUNCOMBE  RD 
GREER  SC  29651-9208 

1  SAIC 

D  DAKIN 

2200  POWELL  ST  STE  1090 
EMERYVILLE  CA  94608 

1  SAIC 

M  PALMER 

2109  AIR  PARK  ROSE 

ALBUQUERQUE  NM  87106 

1  SAIC 

R  ACEBAL 

1225  JOHNSON  FERRY  RD  STE  100 
MARIETTA  GA  30068 

1  SAIC 

G  CHRYSSOMALLIS 
3800  W80TH  STREET 
STE 1090 

BLOOMINGTON  MN  55431 


6  ALLIANT  TECHSYSTEMS  INC. 

C  CANDLAND 

R BECKER 

LLEE 

RLONG 

DKAMDAR 

G  KASSUELKE 

600  2ND  ST  NE 

HOPKINS  MN  55343-8367 

1  AMOCO  PERF  PRODUCTS  INC 
MMICHNOJR 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30202-3944 

1  APPLIED  COMPOSITES 
W  GRISCH 
333  NORTH  SIXTH  ST 
ST  CHARLES  IL  60174 

1  BRUNSWICK  DEFENSE 

T  HARRIS 
STE  410 

1745  JEFFERSON  DAVIS  HWY 
ARLINGTON  VA  22202 

1  PROJECTILE  TECHNOLOGY  INC 
515  GILES  ST 

HAVRE  DE  GRACE  MD  21078 

1  CUSTOM  ANALYTICAL  ENGR 
SYS  INC 
A  ALEXANDER 
13000  TENSOR  LANE  NE 
FUNTSTONE  MD  21530 

1  NOESIS  INC 
ABOUTZ 

1 1 10  N  GLEBE  RD  STE  250 
ARLINGTON  VA  22201-4795 

1  ARROW  TECH  ASSO 

1233  SHELBURNE  RD  STE  D  8 
SOUTH  BURLINGTON  VT  05403-7700 

1  NSWC 

R  HUBBARD  G33-C 
DAHLGRENDIV 
DAHLGRENVA  2248-5000 
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5  GEN  CORP  AEROJET 
D  PILLASCH 
T COULTER 
C  FLYNN 
D  RUBAREZUL 
M  GREINER 

1 100  WEST  HOLLYVALE  ST 
AZUSA  CA  91702-0296 

7  CIVIL  ENGR  RSRCH  FOUNDATION 

H  BERNSTEIN  (PRESIDENT) 
CMAGNELL 
K  ALMOND 
R BELLE 
M  WILLETT 
EDELO 
B  MATTES 

1015  15TH  ST  NW  STE  600 
WASHINGTON  DC  20005 

1  NATL  INSTITUTE  OF  STANDARD 
AND  TECHNOLOGY 
STRUCTURE  &  MECHANICS  GROUP 
POLYMER  DTV  POLYMERS  RM  A209 
GREGORY  MCKENNA 
GAITHERSBURG  MD  20899 

1  DUPONT  CO 

COMPOSITES  ARAMID  FIBERS 
S  BORLESKE  (DEVELOPMENT  MGR) 
CHESNUT  RUN  PLAZA 
PO  BOX  80702 

WILMINGTON  DE  19880-0702 

1  GENERAL  DYNAMICS 
LAND  SYSTEMS  DIV 
DBARTLE 
PO  BOX  1901 
WARREN  MI  48090 

3  HERCULES  INC 

RBOE 

FPOLICELU 
JPOESCH 
PO  BOX  98 
MAGNA  UT  84044 


3  HERCULES  INC 
G  KUEBELER 

J  VERMEYCHUK 
B  MANDERVILLE  JR 
HERCULES  PLAZA 
WILMINGTON  DE  19894 

1  HEXCEL 

M  SHELENDICH 
11555  DUBLIN  BLVD 
PO  BOX  2312 
DUBLIN  CA  94568-0705 

4  INSTITUTE  FOR  ADVANCED  TECH 
HFAIR 

P  SULLIVAN 
W  REINECKE 
IMCNAB 

4030  2  W  BRAKER  LN 
AUSTIN  TX  78759 

1  INTEGRATED  COMPOSITE  TECH 
H  PERKINSON  JR 
PO  BOX  397 

YORK  NEW  SALEM  PA  17371-0397 

1  INTERFEROMETRICS  INC 

R  LARRIVA  (VICE  PRESIDENT) 

8150  LEESBURG  PIKE 
VIENNA  VA  22100 

1  AEROSPACE  RES  &  DEV 

(ASRDD)  CORP 
D ELDER 
PO  BOX  49472 

COLORADO  SPRINGS  CO  80949-9472 

1  PM  ADVANCED  CONCEPTS 
LORAL  VOUGHT  SYSTEMS 
J TAYLOR 

PO  BOX  650003 
MS  WT  21 

DALLAS  TX  76265-0003 

2  LORAL  VOUGHT  SYSTEMS 
G  JACKSON 

KCOOK 

1701  W  MARSHALL  DR 
GRAND  PRAIRIE  TX  75051 
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1  BRIGS  CO 

J  BACKOFEN 
2668  PETERBOROUGH  ST 
HERDONVA  22071-2443 

1  SOUTHWEST  RSRCH  INSTITUTE 

ENGR  &  MATERIAL  SCENCES  DIV 
J  RE  GEL 

6220  CULEBRA  RD 
PO  DRAWER  28510 
SAN  ANTONIO  TX  78228-0510 

1  ZERNOW  TECHNICAL  SERVICES 

LZERNOW 

425  W  BONITA  AVE  STE  208 
SAN  DIMAS  CA  91773 

1  REICHELBERGER  (CONSULTANT) 

409  W  CATHERINE  ST 
BEL  AIR  MD  21014-3613 

1  DYNAEASTCORP 
PEI  CHI  CHOU 
3201  ARCH  ST 

PHILADELPHIA  PA  19104-2711 

2  MARTIN  MARETTA  CORP 
P  DEWAR 

LSPONAR 

230  EAST  GODDARD  BLVD 
KING  OF  PRUSSIA  PA  19406 

2  OUN  CORP 

FUNCHBAUGHDIV 
E  STEINER 
B  STEWART 
PO  BOX  127 
RED  LION  PA  17356 

1  OUN  CORP 

L  WHITMORE 
10101  9TH  ST  NORTH 
ST  PETERSBURG  FL  33702 

1  RENNSAELER  POLYTECHNIC  INST 

R  B  PEES 
PRESIDENT  OFC 
PITTSBURGH  BLDG 
TROY  NY  12180-3590 


1  SPARTA  INC 
JGLATZ 

9455  TOWNE  CTR  DRIVE 
SANDEGOCA  92121-1964 

2  UNITED  DEFENSE  LP 
PPARA 

G  THOMAS 

1 107  COLEMAN  AVE  BOX  367 
SAN  JOSE  CA  95103 

1  MARINE  CORPS  SYSTEMS  CMD 
PM  GROUND  WPNS 
COL  R  OWEN 

2083  BARNETT  AVE  STE  315 
QUANTICO  VA  22134-5000 

1  OFFICE  OF  NAVAL  RES 
J KELLY 

800  NORTH  QUINCEY  ST 
ARLINGTON  VA  22217-5000 

2  NSWC 
CARDEROCKDIV 

R  CRANE  CODE  2802 
C  WILLIAMS  CODE  6553 
3  A  LEGGETT  CIR 
ANNAPOUS  MD  21402 

5  SIKORSKY 
H BUTTS 
T  CARSTENSAN 
B  KAY 
S GARBO 
JADELMANN 
6900  MAIN  ST 
PO  BOX  9729 

STRATFORD  CT  06601-1381 

1  U  WYOMING 

D  ADAMS 
PO  BOX  3295 
LARAME  WY  82071 

1  MICHIGAN  STATE  UNIV 

RAVERILL 
3515  EBMSM  DEPT 
EAST  LANSING  MI  48824-1226 
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COPIES  ORGANIZATION 


1  AMOCO  POLYMERS 

JBANISAUKAS 
4500  MCGINNIS  FERRY  RD 
ALPHARETTA  GA  30005 

1  HEXCEL 

TBITZER 

11711  DUBLIN  BLVD 
DUBLIN  CA  94568 

1  BOEING 

RBOHLMANN 
PO  BOX  516  MC  5021322 
ST  LOUIS  MO  63166-0516 

1  NAVSEA  OJRI 

G  CAMPONESCffl 

2351  JEFFERSON  DAVIS  HWY 

ARLINGTON  VA  22242-5160 

1  LOCKHEED  MARTIN 

R  FIELDS 
1195  IRWIN  CT 
WINTER  SPRINGS  FL  32708 

1  USAF 

WIVMLSM  OL  A  HAKIM 
5225  BAILEY  LOOP  243E 
MCCLELLAN  AFB  CA  55552 

1  PRATT  &  WHITNEY 

DHAMBRICK 
400  MAIN  ST  MS  114-37 
EAST  HARTFORD  CT  06108 

1  BOEING 

DOUGLAS  PRODUCTS  DIV 
LJ  HART-SMITH 
3855  LAKEWOOD  BLVD 
D800-0019 

LONG  BEACH  CA  90846-0001 

1  MIT 

PLAGACE 
77  MASS  AVE 
CAMBRIDGE  MA  01887 


1  NASA-LANGLEY 
J  MASTERS 
MS  389 

HAMPTON  VA  23662-5225 

1  CYTEC 
MUN 

1440  N  KRAEMER  BLVD 
ANAHEIM  CA  92806 

2  BOEING  ROTORCRAFT 
PMINGURT 

P  HANDEL 

800  B  PUTNAM  BLVD 

WALLINGFORD  PA  19086 

2  FAA  TECH  CENTER 
D  OPLINGER  AAR-431 
P  SHYPRYKEVICH  AAR-431 
ATLANTIC  CITY  NJ  08405 

1  NASA-LANGLEY  RC 
CC  POE  MS  188E 
NEWPORT  NEWS  VA  23608 

1  LOCKHEED-MARTIN 
S REEVE 
8650  COBB  DR 
D/73-62  MZ  0648 
MARIETTA  GA  30063-0648 

1  WLMLBC 
E  SHINN 
2941  PST  STE1 

WRIGHT  PAT  AFB  OH  45433-7750 

2  ET  RESERACH  CTR 
DROSE 

201  MILL  ST 
ROME  NY  13440-6916 

1  MATERIALS  SCIENCES  CORP 
BW  ROSEN 

500  OFFICE  CTR  DR  STE  250 
FT  WASHINGTON  PA  19034 

1  DOW-UT 
S  TIDRICK 
15  STERLING  DR 
WALLINGFORD  CT  06492 
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3  TUSKEGEE  UNIV 
MATERIALS  RSRCH  LAB 
SCHOOL  OF  ENGR  &  ARCH 
S  JEELANI 
HMAHFUZ 
UVAIDYA 

TUSKEGEE,  AL  36088 

4  NIST 
RPARNAS 
JDUNKERS 

M  VANLANDINGHAM 
D  HUNSTON 
POLYMERS  DIV 
GAITHERSBURG  MD  20899 

2  NORTHROP  GRUMMAN 

ENVIRONMENTAL  PROGRAMS 

ROSTERMAN 

8900  E  WASHINGTON  BLVD 

PICO  RIVERA  CA  90660 

1  OAK  RIDGE  NATL  LAB 

A  WERESZCZAK 
BLDG  4515  MS  6069 
PO  BOX  2008 

OAKRIDGETN  37831-6064 

1  CDR  USARDEC 
TSACHAR 

INDUSTRIAL  ECOLOGY  CTR 
BLDG  172 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  CDR  USA  ATCOM 

AVIATION  APPLIED  TECH  DIR 

JSCHUCK 

FT  EUSHS  VA 

1  CDR  USARDEC 

AMSTAARSREDYEE 
PICATINNY  ARSENAL  NJ 
07806-5000 


7  CDR  USARDEC 

AMSTAARCCHB 
B KONRAD 
E  RIVERA 
G  EUSTTCE 
S  PATEL 
GWAGNECZ 
RSAYER 
F CHANG 
BLDG  65 

PICATINNY  ARSENAL  NJ 
07806-5000 

1  CDR  USARDEC 

AMSTA  AR  QAC  T  D  RIGOGUOSO 
BLDG  354  M829E3  IPT 
PICATINNY  ARSENAL  NJ 
07806-5000 


ABERDEEN  PROVING  GROUND 

73  DIRUSARL 
AMSRLCI 
AMSRLCIC 
WSTUREK 
AMSRLCICB 
RKASTE 
AMSRLCIS 
A  MARK 
AMSRLSLB 
AMSRL  SL  BA 
AMSRLSLBL 
DBELY 
AMSRL  SL  I 
AMSRL  WM 
A  HORST 
E  SCHMIDT 
D  VIECHNICK 
GHAGNAUER 
J  MCCAULEY 
AMSRL  WM  BE 
G  WREN 
CLEVERITT 
DKOOKER 
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